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Abbreviations: 
VH: Visual hallucinations; EEG: Electroencephalography; MEG: Magnetoencephalography; 
ERG: Electroretinogram; TMS: Transcranial magnetic stimulation; VEP: Visual evoked 
potential; SAI: Short-Latency afferent inhibition; PT: Phosphene threshold; ECS: Electrical 
cortical stimulation; tDCS: Transcranial direct current stimulation; rTMS: repetitive 
transcranial magnetic stimulation; tACS: transcranial alternating current stimulation; tRNS: 
transcranial random noise stimulation; fMRI: functional magnetic resonance imaging; LBD: 
Lewy body dementia; PD: Parkinson’s disease; PDD: Parkinson’s disease dementia; DLB: 
Dementia with Lewy Bodies; CBS: Charles Bonnet Syndrome; HPPD: Hallucinogen 
persisting perception disorder; AD: Alzheimer’s disease; LSD: Lysergic acid diethylamide   
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Highlights 
 Electrophysiology offers a new perspective on dynamic aspects of visual hallucination 
aetiology 
 Bottom-up, top-down, and network dysfunction is evident in visual hallucination 
prone pathologies 
 Limitations in the literature restricts interrogation of visual hallucination mechanisms  
 
Abstract 
Visual hallucinations (VH) are a common symptom in multiple clinical and non-clinical 
populations. Although structural and functional neuroimaging has informed the 
understanding of VH, temporal resolution is limited. Electrophysiological techniques provide 
a complimentary perspective on dynamic and temporal aspects of neural functioning, offering 
greater insight into the mechanisms underlying their formation. In this review we examine 
and critically evaluate the emerging evidence base utilising electrophysiological approaches 
in the study of VH. Overall, increased visual system excitability, dysfunctional visual 
processing and network connectivity, and cholinergic dysfunction have been consistently 
observed in VH-prone pathologies. However, a major limitation is in the lack of robust 
experimental studies and the reliance on single case reports. We conclude that 
electrophysiology provides tentative evidence for the contribution of bottom-up, top-down, 
and network dysfunction in the aetiology of VH, supporting several existing VH models. 
Furthermore, we discuss how electrophysiology has been directly utilised in specific clinical 
interventions for VH. Further exploration utilising electrophysiology in combination with, for 
example, neuroimaging will help better understand VH aetiology while aiding in the 
development of novel therapeutic interventions for this difficult to treat symptom.   
 
Key words: Electrophysiology; Visual Hallucinations; EEG; Transcranial Magnetic 
Stimulation; Brain Stimulation; Visual Cortex 
 
1. Introduction 
Visual hallucinations (VH) are a common symptom in both clinical and non-clinical 
populations, including a wide range of psychiatric, neurological, and ophthalmologic 
conditions such as schizophrenia, neurodegenerative dementias, eye disease, delirium and 
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drug-induced hallucinosis (Abraham and Duffy 1996; Menon et al. 2003; Collerton et al. 
2005; Armstrong 2012; ffytche and Wible 2014).  
Manifestations of VH range from simple hallucinations, consisting of flashing lights, 
geometric patterns, or formless colour (photopsia), through to more complex hallucinations, 
such as involuntary vivid perceptions of people, animals, or objects (Collerton et al. 2005). 
Recurrent VH, particularly in the presence of preserved insight, have sometimes been 
described as pleasant or entertaining experiences (Cox and ffytche 2014). However, for 
others, VH can be both distressing and detrimental to everyday functioning (Dudley et al. 
2012).  
The aetiology of VH is a matter of continuing debate. Neurophysiological investigations of 
VH provide evidence to support several key VH models (Table 1.) where the majority of 
studies utilise functional neuroimaging. While some studies posit spontaneous changes in 
visual cortical activity (i.e. ffytche et al. 1998; Santhouse et al. 2000; Oertel et al. 2007; Jardri 
et al. 2013) and cortical disinhibition as key in the formation of VH (i.e. Onofrj et al. 2013), 
others have proposed a more complex cognitive interaction between visual, executive and 
attentional networks (i.e. Collerton et al. 2005; Diederich et al. 2005; Shine et al. 2011). 
Similarly, neuroimaging has supported the role of visuo-cortical dysfunction and visuo-
perceptual deficits in conditions including Parkinson’s disease (PD) and Lewy body 
dementias (LBD), with VH associated with decreased activity in extra-striate and visual 
association areas in combination with dysfunction in frontal regions, supporting the role of 
top-down attentional processes in VH (Stebbins et al. 2004; Meppelink et al. 2009; Taylor et 
al. 2012). In schizophrenia, models of VH are adapted versions of those developed for 
auditory verbal hallucinations, with evidence for specific involvement of the temporo-parietal 
junction and hippocampus (ffytche and Wible 2014).  
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[Table 1] 
Table 1.  
Key models of VH formation and maintenance including key associated pathologies 
Model Description Associated 
Pathologies 
Deafferentation/Release 
Phenomena 
(i.e. Cogan 1973) 
Diminished visual input due to visual system or retinal 
dysfunction results in spontaneous, compensatory 
hyper-excitability and disinhibition of the visual 
cortex, producing both simple and complex VH. 
CBS; Occipital 
stroke; Visual 
system lesion 
Cortical irritation 
(i.e. Noda et al. 1993) 
Over-activity in brain regions containing specific 
imagery, memories and representations results in 
complex VH.  
Occipital and 
temporal Epilepsy; 
CBS  
Perception and 
Attention Deficit (PAD) 
(Collerton et al. 2005) 
The combination of attentional and visual perceptual 
impairments interact with visual scene representations, 
resulting in incorrect perceptual proto-objects.   
DLB; PDD; 
Schizophrenia 
Visual Misperception 
and Network 
Dysfunction  
(Shine et al. 2011) 
Network dysfunction and impaired signalling between 
the default mode network and ventral attentional 
network, in addition to lack of filtering from the dorsal 
attentional network, results in perceptual errors and the 
formation of VH.  
PD; DLB 
Integrative Model 
(Diederich et al. 2005) 
The integrative contribution of poor vision, aberrant 
visual and associative cortex activation with 
disinhibition results in disturbance of gating and 
filtering of external perceptions and the production of 
internal images.  
PD; PDD; DLB; 
CBS 
Abbreviations: VH: Visual Hallucinations; CBS: Charles Bonnet Syndrome; DLB: Dementia with Lewy bodies; PDD: Parkinson’s disease 
dementia; PD: Parkinson’s disease.  
Nevertheless, despite providing superior spatial insight into regional dysfunction, the 
relatively poor temporal resolution of functional neuroimaging impedes our understanding of 
the more dynamic aspects of cortical functioning and visual processing, limiting the scope of 
any conclusions drawn about VH aetiology. Comparatively, electrophysiology can offer 
further insight into nuances of cortical activity and dynamic function involved in VH and 
may be key in understanding the neurophysiological basis of this pervasive symptom. 
Techniques such as electroencephalography (EEG) and magnetoencephalography (MEG) 
may be used to reveal distinct stages in both resting states and complex cognitive processes 
involved in VH formation as well as having the temporal resolution to capture specific 
hallucination events as they occur. Visual evoked potentials (VEPs) can allow for 
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interrogation of temporal aspects of visuo-cortical processing, highlighting potential 
dysfunction in the form of latency delays and altered amplitudes. Measures of coherence and 
synchrony can further demonstrate the strength of functional connections between spatially 
discrete brain regions and cortical networks, revealing aspects of synaptic (dys)function. 
Electroretiongrams (ERG) can provide more precise information regarding the role of retinal 
dysfunction. Furthermore, utilising forms of brain stimulation such as transcranial magnetic 
stimulation (TMS) and electrical cortical stimulation (ECS) may provide a more detailed 
insight into the excitatory and inhibitory processes involved in VH via the active perturbation 
of neural systems.  
The present review sought to identify and evaluate relevant literature in order to examine the 
extent to which electrophysiological techniques have been used to inform our understanding 
of neurophysiological dysfunction in VH. The present review also sought to discuss how the 
use of these techniques can inform the development of treatments for VH.   
2. Method 
In order to identify relevant studies, PubMED (until 03 April 2018) and PsycINFO (from 
1967 until March Week 3 2018) databases were searched independently and semi-
systematically by two of the authors (KM and GJE) using the following terms: “visual 
hallucinations” AND “electrophysiology”, “electroencephalography”, “EEG”, “transcranial 
magnetic stimulation”, “repetitive transcranial magnetic stimulation”, “TMS”, “rTMS”, 
“electroretinogram”, “ERG”, “transcranial direct current stimulation”, “tDCS”, “transcranial 
alternating current stimulation”, “tACS”, “visual evoked potential”, “VEP”, “electrical 
stimulation”, “magnetoencephalography”, and “MEG”. This search strategy resulted in a total 
of 525 potential articles for inclusion (Figure 1). Article titles and abstracts were screened for 
relevance and the reference sections of included papers were also searched to identify 
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additional relevant studies. Articles were included where they were conducted in human 
participants. Studies and case reports were included where the study investigated VH 
phenomena and where the results were discussed in terms of their contribution to the overall 
understanding of the mechanisms involved in VH. Review articles, non-English and duplicate 
articles were removed. This resulted in a final total of 55 studies. 
[Figure 1] 
 
3. Results 
A total of fifty-five studies were identified that utilised electrophysiological approaches in the 
investigation of VH (Supplementary Table S1). The most common approach used was EEG 
(28 studies), including 9 studies examining VEP. A total of 20 studies employed other 
electrophysiological approaches, including MEG (3 studies), TMS (7 studies), ECS (9 
studies) and ERG (1 study). Treatment studies identified included tDCS (4 studies) and rTMS 
(5 studies).  
The most common pathology studied was epilepsy (13 studies) followed by LBD (8 studies). 
Other pathologies studied included Charles Bonnet Syndrome (CBS; 7 studies) PD (5 
studies), drug-induced hallucinosis (6 studies), schizophrenia (3 studies), migraine (2 
studies), affective disorders including Bipolar disorder and major depression (3 studies), and 
occipital stroke (3 studies). Five studies were conducted in healthy participants, of which four 
studies induced VH in participants using intermittent photic stimulation (flicker) across the 
entire visual field (3 studies) or a computerised pattern-glare task (1 study), while one study 
assessed VH susceptibility of healthy participants utilising face and Mooney face image 
stimuli. Twenty-seven papers detailed single or two-person case reports. Due to the 
heterogeneity of the studies and the wide range of electrophysiological approaches utilised, 
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these data were not amenable to meta-analysis. An overview of the electrophysiological 
approaches identified, and relevance, is provided in Table 2.  
[Table 2] 
Table 2.   
Common electrophysiological approaches employed in the investigation of VH.  
Electrophysiological 
approach 
Functional Utility in VH 
Example 
Reference  
EEG 
Resting state EEG: allows for the assessment of 
underlying cortical activity including 
epileptiform activity, power spectra and 
oscillatory alterations; possesses the temporal 
clarity to capture activity both during the VH 
state and resting state differences in VH-prone 
patients. Coherence analysis allows for the 
assessment of the strength and integrity of 
functional connections between regions and 
networks. 
e.g. Kometer et al. 
(2013); ffytche 
(2008) 
  
VEP: allows for the investigation of time-
dependent aspects of distinct visual processes, 
highlighting dysfunction in the form of latency 
delays and amplitude alterations.   
e.g. Matsui et al. 
(2005);  
MEG 
Measures the same signal as EEG. Able to 
capture high-frequency activity which EEG 
cannot and allowing assessment of underlying 
cortical activity and oscillations during resting-
state and VH.  
e.g. Carhart-Harris 
et al. (2016) 
ERG 
Records the electrical response of the retina to 
light, allowing for the interrogation of 
photoreceptor layer and early visual system 
dysfunction and their contribution to VH. 
Devos et al. (2005) 
TMS 
Phosphene threshold assessment: uses a 
magnetic current to artificially stimulate the 
visual cortex aiding in the study of visual 
cortical excitability.  
e.g. Taylor et al. 
(2011);  
  
SAI: TMS paradigm which has been used to 
examine central cholinergic dysfunction in 
relation to VH 
Manganelli et al. 
(2009) 
ECS 
Direct electrical stimulation of cortical regions 
via implanted electrodes and stereo-EEG which 
can result in complex VH; allows for the 
examination of cortical regions and networks 
involved in the production of VH imagery.  
e.g. Diederich et al 
(2000) 
Abbreviations: EEG: Electroencephalography; VEP: Visual evoked potentials; MEG: 
Magnetoencephalography; ERG: Electroretinogram; TMS: Transcranial magnetic stimulation; SAI: 
Short-latency afferent inhibition; ECS: Electrical cortical stimulation. 
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The text in the following section will be organised by electrophysiological approach 
employed and discussed in terms of current VH models. 
4. Summary of Findings 
4.1 Resting EEG & MEG – Alpha Rhythm 
Utilising techniques such EEG and MEG, it is possible to observe alterations in cortical 
function both in real-time as VH are occurring and resting-state differences in VH-prone 
individuals. One such spontaneous rhythm, occipital alpha (α), has been implicated as a 
cortical idling or resting rhythm, with alpha-power maximal when the eyes are closed (Barry 
et al. 2007). Alpha-rhythm desynchronization has been posited as a measure of active cortical 
processing and cortical excitability (Pfurtscheller et al. 1996; Thut et al. 2006; Barry et al. 
2007; Romei et al. 2008) and decreases in occipital alpha-power are associated with increased 
excitability and visual attention, while increased occipital alpha-power correlates with 
reduced occipital excitability (Thut et al. 2006).  
4.1.1 Non-clinical studies – induced VH 
It has been shown that pharmacologically-induced VH in healthy participants by means of 
potent serotonergic hallucinogens have been accompanied by significant posterior alpha-
power changes. Decreases in parieto-occipital alpha-power have been observed following 
administration of psilocybin, an effect subsequently blocked by serotonin antagonist 
ketanserin, indicating a role of serotonin-2A receptor activation in psilocybin induced VH 
(Kometer et al. 2013), while decreased peak alpha-amplitudes in the posterior cingulate 
cortex and precuneus strongly correlate with ratings of VH induced by lysergic acid 
diethylamide (LSD) (Carhart-Harris et al. 2016).  
Occipital alpha-power has also been implicated in attention-dependent filtering in the visual 
system, with decreases in the lower occipital alpha-band signifying increased selective 
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attention (Pfurtscheller et al. 1996). One study has reported such decreases preceding the 
presence of hallucinatory colours induced by flickering-light stimulation, with subsequent 
changes in colour directly followed by increases in gamma synchronisation (Becker et al. 
2009). This suggests that decreases in occipital alpha-power may instead operate as a gating 
mechanism between hallucinatory content, while changes in gamma power allow for the 
formation of conscious perceptions via access to attentional processes. In support of this, a 
similar study of flickering-light induced VH noted increased gamma power following 
hallucinations of circles and point patterns, which is in keeping with its posited role in 
conscious perception formation (Elliott et al. 2012). As oscillations in both alpha and gamma 
rhythms have been associated with attentional processing, such evidence may point towards 
more complex interactions between visual and attentional processing which may be necessary 
to formulate VH, supporting attentional or integrated models of VH aetiology (i.e. Collerton 
et al. 2005; Diederich et al. 2005) rather than deafferentation in isolation.  
 4.1.2 Clinical studies – CBS, HPPD, DLB, PD 
Generalised decreased alpha-power has been observed in Charles Bonnet Syndrome (CBS) 
patients (Hanoglu et al. 2016), a pathology characterised by VH secondary to visual 
impairment. As occipital alpha-power alterations are indicative of changes in excitability, 
such changes may indicate a key role of visual-cortical excitability and disinhibition in the 
formation of VH, which supports functional imaging evidence of increased visual cortical 
activity during VH (i.e. ffytche et al. 1998). These data underwrite the argument for a 
bottom-up contribution to VH consistent with deafferentation models of VH formation (Table 
1.). A study of individuals experiencing recurrent VH as a long term consequence of LSD 
usage (Hallucinogen Persisting Perception Disorder, or HPPD), observed accelerated alpha 
frequencies compared to non-HPPD controls, albeit with an absence of alpha-amplitude 
differences (Abraham and Duffy 1996). Accelerated alpha rhythms observed in LSD animal 
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studies (i.e. Brawley and Duffield 1972) have been postulated to be an observable effect of 
disrupted inhibitory function of serotonin-2 receptors by LSD; consequently, such 
acceleration in HPPD may similarly indicate chronic disinhibition of the visual system 
contributing to the occurrence of VH. 
As many VH-prone pathologies (i.e. DLB, PDD) exhibit attentional deficits (Stebbins et al. 
2004; Collerton et al. 2005; Taylor et al. 2012; Onofrj et al. 2013) the type, distribution and 
functional significance of resting EEG oscillatory alterations in VH may differ. While 
decreased resting-state posterior alpha-power has been recorded in VH-prone pathologies, 
including DLB and PDD (Bonanni et al. 2008; Bosboom et al. 2009; Ponsen et al. 2013), no 
studies have directly investigated the relationship between this phenomena and the 
occurrence of VH in these cohorts, or made comparisons with non-hallucinating counterparts. 
Consequently, it is unclear whether these differences are inherently related to the disease state 
itself or play a role in VH susceptibility. Cholinesterase inhibitors, frequently used in the 
treatment of VH-prone pathologies such as PDD, can result in increases to parieto-occipital 
and temporal alpha-power (Bosboom et al. 2009). As such, investigating the amelioration of 
VH symptoms in response to pharmacologically induced alpha-power changes may constitute 
an interesting avenue of research on the causal or epiphenomenal role of alpha-power 
alterations in VH.  
4.2 Resting EEG – cortical slowing and epileptiform activity 
Generalised cortical slowing is frequently an indicator of underlying diffuse cerebral 
dysfunction so that, with the exception of studies of theta activity, the literature in this area 
relates to clinical disorders. In VH cohorts, widespread slowing of cortical oscillations has 
been observed during complex VH in CBS, but not in cerebrovascular infarction and frontal 
lobe dementia (Lorberboym et al. 2002), while widespread rhythmic slow-waves and 
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suppression of rhythmic sharp waves across the temporo-parieto-occipital region were 
observed during complex ictal VH in a case of nonconvulsive status epilepticus (Kim et al. 
2012). For the latter, both rhythmic EEG alterations and VH were abolished following 
treatment with Lorazepam, indicating a link between altered EEG and the presence of VH 
(Kim et al. 2012). Slowing in posterior and occipital regions in the absence of epileptiform 
discharge has also been observed in a patient with seizures and another patient with CBS 
during complex VH (Josephson and Kirsch 2006). Furthermore, epileptiform discharges in 
conjunction with complex VH have been observed over right-sided centro-parietal regions in 
a patient with CBS, with both epileptic activity and VH diminishing following antiepileptic 
treatment (Ossola et al. 2010). However, slowing is not a consistently reported phenomena; 
both intermittent and continuous periodic occipital and temporal sharp and spike waves have 
been observed in occipital epilepsy with elementary VH (Yalçin et al. 2000; Oishi et al. 2003; 
Alves-Leon et al. 2011), while epileptic mechanisms including generalised periodic 
synchronous discharges have also been observed in conjunction with complex VH and 
cognitive dysfunction in DLB (Sun et al. 2014).  
Altered posterior theta-wave activity, commonly associated with drowsiness and sleep, is also 
evident in VH-prone cohorts. Increased posterior and temporal theta activity has been 
demonstrated in CBS, epilepsy and AD (Lopez et al. 1991; Oishi et al. 2003; Hanoglu et al. 
2016), although the latter study did not differentiate their analysis between AD patients with 
VH compared with those with auditory hallucinations. Increased theta synchronisation in 
parieto-occipital regions has also been observed in a patient with complex VH following 
occipital stroke (Tombini et al. 2012), while significant increases to posterior theta-power 
were observed during flicker-induced VH of circle and point patterns in healthy participants 
(Elliott et al. 2012). Nevertheless, diminished posterior theta-power has also been reported 
during VH in a patient with CBS and in the precuneus during LSD-induced VH (Kazui et al. 
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2009; Carhart-Harris et al. 2016) while high-theta band synchronisation has been negatively 
correlated with the severity of VH in DLB (Peraza et al. 2018).     
While diffuse cortical slowing is evident in several VH-prone pathologies in the absence of 
active VH, including CBS (Pliskin et al. 1996) and DLB (Mckeith et al. 2005; Gaig et al. 
2011), it is unclear whether this electrophysiological feature is directly related to VH. 
Nevertheless, cortical slowing may instead generate a physiological brain state permissive to 
VH occurrence; but in this context other factors may be needed to allow for VH 
manifestation.  
Diffuse slow-wave activity and focal sharp-waves observed during VH may support cortical 
release models of VH formation, which suggest that VH occur due to functional changes in 
early visual cortex or visual association cortices in conjunction with the suppression of 
normal inhibitory input (Manford and Andermann 1998). However, the wider distribution of 
EEG abnormalities also suggests involvement of higher-level brain networks in VH. For 
example, abnormal EEG activity including cortical slowing or sharp and spike waves during 
complex VH is typically observed over posterior, temporal and parietal regions (Sowa and 
Pituck 1989; Josephson and Kirsch 2006; Ossola et al. 2010; Kim et al. 2012). Meanwhile, 
evidence for the involvement of additional limbic structures and frontal networks has been 
observed in a patient with bipolar disorder demonstrating rhythmic frontal spike waves 
followed by generalised cortical slowing in the presence of complex emotional VH (Manfioli 
et al. 2013). 
Nevertheless, a major limitation of the studies identified is that they predominantly consist of 
single case observations and lack adequate comparisons with non-hallucinating counterparts. 
Additionally, studies often provide insufficiently detailed or poorly-defined descriptions of 
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slow-wave and ictal EEG activity, such as defining activity only as ‘abnormal’ (i.e. (Pliskin 
et al. 1996), which prevents meaningful comparisons being made. 
While EEG studies during VH can provide insight into active oscillatory changes involved in 
the VH state (i.e. Josephson and Kirsch 2006; Ossola et al. 2010; Kim et al. 2012; Manfioli et 
al. 2013; Sun et al. 2014; Carhart-Harris et al. 2016; Hanoglu et al. 2016), studies reporting 
trait differences in the cortical oscillations of VH-prone patients are often challenged when 
drawing direct conclusions about their relative contribution to VH susceptibility (i.e. Lopez et 
al. 1991; Pliskin et al. 1996; Mckeith et al. 2005; Gaig et al. 2011; Peraza et al. 2018). 
Moreover, as the studies reported predominantly demonstrate correlational evidence linking 
cortical oscillation alterations to VH, it is not possible to draw adequate conclusions 
regarding the specific influence of these alterations on VH susceptibility or their formation.  
4.3 Coherence and Connectivity Dysfunction 
Measures of EEG coherence can provide an indication of synchrony and connectivity 
between cortical regions during VH, with particular sensitivity to specific frequency bands 
indicative of different aspects of neural activity and the strength of functional connections. 
This approach is appealing given that the basis of VH models, including PAD, network, and 
integrative models (Table 1), typically encompass multiple brain areas and their interactions.  
 4.3.1 Non-clinical studies – induced VH 
The incidence of hallucinations of colours, geometric patterns, and motion (Purkinje patterns) 
induced by flickering light stimulation in healthy participants have been associated with 
increased coherence between occipito-parietal regions and Cz (central midline) (ffytche 
2008). Additionally, differences have been described between the onset and maintenance of 
long and short-range coherence within the occipital lobe, with connectivity initially 
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decreasing but then slowly increasing and correlating with the gradual occurrence of VH 
(ffytche 2008).  
 4.3.2 Clinical studies – Stroke, HPPD 
Increased synchronisation between parieto-occipital regions have been observed in an 
occipital stroke patient with VH during hyperventilation (Tombini et al. 2012). Enhanced 
regional occipital coherence has been observed in HPPD during the eyes-closed state, but 
with reduced synchrony observed between occipital regions and more distant cortical areas 
(Abraham and Duffy 2001).  
Both HPPD and non-clinical induced hallucination studies indicate a potential role of 
network connectivity in VH formation. However, while ffytche et al (2008) measured 
coherence during the VH state, coherence in HPPD was measured in VH-prone individuals 
whilst VH were absent. While there may be fundamental differences in pathological locus 
between these studies, it is possible that these differences may provide insight into the role of 
network connectivity in state versus trait aspects of VH and their formation. While gradual 
changes in coherence between regions may indicate a physiological aspect of the VH state, 
overall resting-state alterations in synchrony between visual system, perceptual and 
attentional networks may facilitate the formation of VH and overall VH susceptibility. 
Nevertheless, research in this area is limited and further investigation is needed before more 
concrete conclusions can be made.  
4.4 Abnormal Visual Evoked Potentials 
Event related potentials collected from EEG recordings of the visual cortex during visual 
stimulation enable the investigation of visual pathways leading from the retina to the visual 
cortex. The subsequent visual evoked potentials (VEPs) can, in turn, be used to examine 
distinct visual processes, including pattern recognition and target detection, using measures 
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of VEP waveform latency and amplitude. VEP latency provides information about the 
integrity of visual pathways and transmission between cortical areas, while the amplitude 
reflects the synchronicity of the site being recorded.  
 4.4.1 Non-clinical studies 
Significantly reduced early VEP amplitudes (P100) have been noted over parieto-temporal 
regions in healthy individuals with a high susceptibility to VH during visual stimulation, 
compared to those with low susceptibility, while later components associated with perceptual 
processing (N170) remain unaffected, suggesting altered early visual processing may play a 
role in VH susceptibility in this cohort (Schwartzman et al. 2008). Nevertheless, P100 
amplitudes have been observed to be increased by psilocybin over occipital regions, which 
may be linked to a generalised serotonergic effect believed to mediate the perceived 
brightness of psychedelic-VH (Kometer et al. 2011).   
VEP alterations are not isolated to early visual processing components, with delays evident in 
intermediate components associated with perceptual processing. Decreased N170 amplitudes 
are associated with the occurrence of VH in healthy participants following psilocybin 
administration (Kometer et al. 2013), with overall reductions in right extrastriate and 
posterior parietal activation (measured by standardised low-resolution electromagnetic 
tomography) positively correlating with VH intensity (Kometer et al. 2011).  
4.4.2 Clinical studies – DLB, PD, HPPD, AD 
Elongated VEP components in various stages of visual processing have been associated with 
the occurrence of VH and in VH-prone pathologies. The P100 component, which is a marker 
of early visual processing, has been observed to be elongated in PD patients with VH but not 
in non-hallucinating counterparts (Matsui et al. 2005), supporting, albeit indirectly, the role of 
bottom-up components such as deafferentation in VH formation. 
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As in non-clinical studies, VEP alterations are not isolated to early visual components, with 
notable delays evident in intermediate components associated with perceptual processing, 
such as the P200,  in both PD and DLB hallucinators (Kurita et al. 2010) and shorter peak 
P200 latencies observed in HPPD compared to controls (Abraham and Duffy 1996). Such 
findings may present further evidence of perceptual dysfunction associated with VH 
formation, supporting models such as the PAD (Collerton et al. 2005).  
Increased P300 latencies, a VEP component associated with higher-order visual and 
attentional processing, has been noted in PD, PDD and DLB patients with VH, as compared 
to non-hallucinating AD patients (Kurita et al. 2005, 2010) and controls (Chang et al. 2016). 
Although evidence is limited, such alterations may further indicate attentional dysfunction 
involved in VH formation. Nevertheless, while delayed P300 have been observed in PD, 
these abnormalities did not appear to correlate with the incidence of VH, instead REM sleep 
behaviour disturbances were more prominently linked to VH formation, implying that 
dysfunction in later visual processing alone may be insufficient to elicit VH in this patient 
group (Onofrj et al. 2002). Nonetheless, unlike many electrophysiology studies, several VEP 
studies identified provide direct comparisons with non-hallucinators, tentatively allowing 
researchers to draw more conclusions regarding the electrophysiological nature of VH and 
VH susceptibility. 
4.5 Electroretinogram 
The retina and dysfunctional visual input has been implicated in the aetiology of VH 
(Bernardin et al. 2017). Using electroretinogram (ERG), visual processing abnormalities can 
be investigated by recording the electrical response of the retina to light stimulus as a 
biphasic wave form, consisting of the a-wave and b-wave.  
 4.5.1 Clinical studies – DLB, PD 
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In DLB, cone a-waves, b-waves and rod b-waves demonstrate significant latency increases, 
while rod b-waves display decreases in amplitude compared to PD patients without VH and 
healthy controls, indicating the influence of photoreceptor layer dysfunction and degraded 
sensory input on the formation of VH in this patient group (Devos et al. 2005)(Table 3). 
Similar abnormalities have been observed in PD, which in turn have been linked to 
dysfunction of the dopaminergic retinal system, decreases in surround inhibition in the eye, 
and have further been associated with the formation of VH (Diederich et al. 2005; Onofrj et 
al. 2006; Weil et al. 2016). Nonetheless, investigation utilising ERG in CBS is still notably 
absent. It is not clear, for example, whether the ERG in patients with a given eye condition 
differs in those with CBS compared to those without it. As CBS is arguably the archetypical 
condition demonstrating the contribution of aberrant bottom-up processing in VH formation, 
it is an area of investigation that should be pursued further.  
4.6 Transcranial Magnetic Stimulation 
Artificial stimulation of the cortical visual system, via means of perturbation of external 
visual stimuli (i.e. scotomas) or the induction of artificial percepts using magnetic or 
electrical currents, has been used as a means of understanding visual function and pathways 
in both healthy volunteers and various pathologies. Transcranial magnetic stimulation (TMS) 
has been used to investigate visual cortical excitability in healthy individuals (i.e. Antal et al. 
2003), with the lowest intensity of stimulator output needed to elicit transient visual 
phenomena, typically manifesting as spots of light in the visual field (known as 
‘phosphenes’) corresponding with the level of visual cortical excitability.  
 4.6.1 Clinical Studies – DLB, PD 
TMS has been utilised to investigate differing cortical excitability in regards to VH. In DLB, 
TMS of the primary visual cortex has demonstrated that lower phosphene thresholds (PT; 
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denoting increased cortical excitability) correlate strongly with the severity and frequency of 
VH (Taylor et al. 2011). While PT in DLB have not been found to significantly differ from 
those of healthy controls, they have been observed to negatively correlate with the magnitude  
of blood oxygen level dependent (BOLD) response in the primary visual cortex in response to 
checkerboard stimuli, compared to the positive correlation observed in healthy controls 
(Taylor et al. 2016). These findings suggest that DLB may be characterised by loss of 
inhibition in the occipital cortex, with increased cortical excitability acting as a marker of VH 
severity. Similarly, significantly lower PT have been observed in users of the drug ‘ecstasy’ 
who experience VH compared to those who do not (Oliveri and Calvo 2003), and migraine 
patients experiencing aberrant visual aura when compared to patients without aura (Aurora et 
al. 2003) and controls (Khedr et al. 2006).  
Table 3. 
Examples of the contribution of electrophysiological investigation to the understanding of VH in 
dementia with Lewy bodies (DLB) with example references. 
Electrophysiological 
Technique 
Key Findings Example reference 
EEG Altered EEG may act as a marker of complex VH 
frequency and severity in DLB evidenced by a 
significant correlation between diminished high-
theta band synchronisation and ratings of VH in 
DLB patients. 
Peraza et al (2018) 
VEP Perceptual and attentional processing dysfunction 
may be associated with VH in DLB, evidenced by 
significantly elongated latencies in P200 and P300 
VEP components when compared to AD and 
controls.  
Kurita et al (2010) 
ERG Impaired bottom-up processing and photoreceptor 
layer dysfunction may influence the formation of 
VH in DLB evidenced by significantly increased 
latencies in cone a- and b-waves, and significantly 
decreased amplitudes and increased latencies in 
rod b-waves compared to PD patients without VH 
and controls 
Devos et al (2005) 
TMS Increased visual cortical hyperexcitability may act 
as a marker of VH severity and frequency in DLB, 
demonstrated by a negative correlation between 
phosphene thresholds and ratings of VH. 
Taylor et al (2011) 
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[Table 3] 
  
While evidence of disinhibition and increased cortical excitability supports VH models 
postulating the contribution of bottom-up deafferentation in VH formation, heterogeneity in 
the results, such as increased PTs in a patient with complex VH following occipital stroke 
(Tombini et al. 2012) may further suggest that the pathological locus of VH may be highly 
dependent on disease group, with bottom-up dysfunction more prominent in certain groups 
(i.e. eye disease, occipital infarct) while higher visual processing dysfunction may 
functionally disinhibit lower visual areas in other pathologies (i.e. DLB)(Table 3). The use of 
TMS to enhance or perturb cortical regions outside of the visual cortex (i.e. parietal regions) 
has also been observed to influence aspects of visual functioning and attention in healthy 
participants (i.e. (Hilgetag et al. 2001; Chambers et al. 2006), but similar investigations have 
not yet been conducted in VH patients.  
4.7 Cholinergic Dysfunction 
Short-latency afferent inhibition (SAI), a TMS based paradigm stimulating inhibitory circuits 
of the motor cortex, can be used as an indirect measure of cholinergic dysfunction. Reduction 
in SAI occurs in PD patients with VH compared to non-hallucinators and controls, and is 
further associated with impaired visuospatial and attentional function (Manganelli et al. 
2009). Similarly, DLB patients demonstrate reduced SAI in comparison to controls which 
significantly positively correlate with VH (Marra et al. 2012). In this context, the loss of 
cortico-pedal cholinergic tone may lead to broader network dysfunction, which impacts the 
visual system and results in a predisposition to VH in these patient groups.  
4.8 Electrical Cortical Stimulation 
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Frequently used in neurosurgical interventions for epilepsy, stimulation of cortical regions via 
implanted depth electrodes and stereo-EEG using electrical cortical stimulation (ECS) can 
induce complex hallucinatory experiences. The nature of the resulting hallucinations can 
range from face hallucinations to detailed topographic scenes and coloured characters, and 
seemingly depend on the specific cortical regions stimulated (Penfield and Perot 1963; 
Blanke et al. 2000; Diederich et al. 2000; Lee et al. 2000; Vignal et al. 2000; Schulz et al. 
2007; Jonas et al. 2014a, 2014b, 2018; Mégevand et al. 2014). The external stimulation of 
regions containing visual memories/visual representations supports theories of cortical 
irritation in VH formation (Noda et al. 1993) and may parallel the observations of increased 
spontaneous occipital excitability in other VH pathologies such as CBS, which demonstrates 
phasic increases in regional activity related to VH content (ffytche et al. 1998).  
ECS further demonstrates that VH can be elicited via the stimulation of diverse regions, 
though spread of stimulus current from one region to another (particularly in more historical 
studies) cannot be discounted, and thus topological co-localisation of structures to VH and 
their specific phenomenology is rarely straightforward. Similar VH can be produced when 
stimulating distinct regions both separately or in tandem (i.e. stimulation of occipito-parietal 
sulcus, right posterior precuneus, fusiform face area, and inferior frontal gyrus are all 
observed to evoke varying forms of face hallucination - Vignal et al. 2000; Jonas et al. 2014a, 
2014b, 2018) suggesting that there may be no single locus of VH and reinforcing the integral 
involvement of complex networks in the production of VH and VH content. Further 
supporting this, deep brain stimulation of the subthalamic nucleus in a patient with PD 
resulted in elaborate recurrent VH, which were extinguished only upon termination of the 
stimulations, demonstrating a possible role of pathways between the subthalamic nucleus and 
limbic systems in the pathophysiology of VH in PD (Diederich et al. 2000).  Stimulation of 
the amygdala and hippocampus in patients with epilepsy has been observed to result in 
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complex VH related to autobiographic memories and may further indicate the role of these 
complex higher-level networks in epilepsy VH (Vignal et al. 2007).  Furthermore, electrical 
stimulation during a reading task in a patient with focal epilepsy provoked complex VH of 
reading content, perhaps also signifying the integral role of working memory networks in VH 
phenomenology (Schulz et al. 2007). 
While challenges with stimulation precision make it difficult to pinpoint the precise 
topological origin of specific VH content using ECS, utilising this technique may allow for 
further interrogation of which networks are most relevant to different VH phenomenologies 
and, by implication, the different underlying pathological conditions with which they are 
associated. 
 
5. Utilising electrophysiology in the treatment of VH 
Using electrophysiology, it has been possible to identify a number of neurophysiological 
aspects of VH indicating hyperexcitability, cortical disinhibition and cholinergic dysfunction 
in several pathologies, which may have distinct implications for future treatment 
interventions. In this section we describe studies which have directly utilised 
electrophysiological approaches to target these abnormalities in the treatment of VH.   
5.1 Therapeutic TMS 
TMS has been used to suppress cortical activity in hallucinators with some therapeutic 
success. Recurrent courses of low-frequency, inhibitory, repetitive TMS (rTMS) applied over 
temporo-parietal regions in auditory hallucinators with schizophrenia have produced 
significant symptomatic improvements, including the reduction of the frequency and severity 
of hallucinations when compared to placebo stimulation (i.e. Hoffman et al. 1999; Chibbaro 
et al. 2005; Fitzgerald et al. 2006; Vercammen et al. 2010). Despite positive therapeutic 
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indications in auditory hallucinators, however, rTMS studies in VH groups are limited to a 
handful of single case reports; for example, inhibitory rTMS of V5/MT has been observed to 
successfully supress motion VH in a patient with CBS (Meppelink et al. 2010), while 
occipital rTMS following occipital stroke successfully supressed complex VH for up to a 
week post-stimulation (Merabet et al. 2003). Similarly, repeated sessions of occipital and 
occipito-temporal rTMS have reduced the frequency and severity of VH (Jolfaei et al. 2016) 
and audio-visual multisensory hallucinations (Jardri et al. 2009) in schizophrenia. More 
recently, rTMS of the lesion site following occipital stroke was observed to reduce the 
occurrence of simple VH while simultaneously normalising imbalanced cortical activity at 
both the stimulation site and across remotely connected cortical regions (Rafique et al. 2016).  
 
5.2 Transcranial electrical stimulation 
Applying a weak, low-voltage current through electrodes on the scalp, techniques including 
direct, alternating and random noise transcranial current stimulation (tDCS, tACS, and tRNS 
respectively) have more recently been applied as a means of modulating cortical activity in 
relation to neuropsychiatric symptoms that may be the result of changes in neuronal 
membrane polarisation (Nitsche et al. 2008; Stagg and Nitsche 2011). Like rTMS, positive 
therapeutic benefits have been observed for auditory verbal hallucinations in schizophrenia, 
with tDCS applied over multiple days leading to prolonged reductions in hallucination 
severity (Brunelin et al. 2012). To date, very few studies have employed transcranial 
electrical stimulation with regards to VH. A study investigating the predisposition of healthy 
participants to VH induced during a computerised pattern-glare task found that, during 
medium-intensity visual stimulation, excitatory (anodal) tDCS (relative to sham stimulation) 
increased the number of reported VH-like experiences while, to a lesser extent, inhibitory 
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(cathodal) stimulation decreased them, indicating a role of cortical hyperexcitability in VH 
susceptibility in this cohort (Braithwaite et al. 2015). Utilised as a clinical tool, two case 
reports employing identical stimulation protocols describe positive results, with cathodal 
tDCS of the occipital area across multiple sessions resulting in the successful reduction of 
VH in a patient with major depression lasting several weeks (Koops and Sommer 2017) and a 
patient with schizophrenia lasting over two months (Shiozawa et al. 2013). More recently, the 
complete remission of VH symptoms in a patient with depression was observed following 
four weeks of cathodal stimulation of the right temporal area; interestingly, these 
symptomatic changes were also accompanied by a significant reduction in occipital alpha-
power post-treatment, which contradicts earlier studies suggesting a pathological role of 
decreased occipital alpha in VH formation and thus may indicate differing mechanisms 
involved in the occurrence of VH in depression (Gomes et al. 2017). Additionally, studies in 
the healthy visual system using tDCS have also indicated that stimulation alters the amplitude 
of cortical VEPs (Antal et al. 2004; Accornero et al. 2007) and TMS-evoked PT (Antal et al. 
2003). Since VH pathologies also demonstrate alterations in these domains, further 
experimental studies assessing the effects of tDCS upon VH may provide an insight both into 
their aetiology and potential treatment. 
A major limitation of many therapeutic rTMS and tDCS studies is the lack of placebo 
conditions. As placebo effects can be particularly large in therapeutic investigations 
(Kaptchuk and Miller 2015), this may raise questions about whether the amelioration of VH 
symptoms are solely due to the stimulation treatment itself or placebo effect. Moreover, 
producing appropriate placebo conditions can prove challenging in stimulation studies, with 
common difficulties involving unsuccessful blinding and confounding sensory side-effects of 
sham stimulation (Duecker and Sack 2015). Furthermore, therapeutic stimulation studies 
often employ differing stimulation protocols, including different stimulation intensities, 
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stimulation duration, and cortical targets, making it difficult to pinpoint the optimal 
parameters needed to produce beneficial effects in different pathologies. Further investigation 
in VH cohorts should utilise larger, appropriately placebo-controlled study designs, testing a 
range of stimulation parameters, before adequate inferences about the therapeutic benefits of 
transcranial stimulation can be made (Elder and Taylor 2014). It should also be noted that 
while there are limited reports of successful amelioration of VH symptoms using transcranial 
stimulation, there is also a distinct lack of negative reports, which may also reflect a positive 
publication bias in the literature. It is important that negative findings are fully reported so 
that the extent of any potential clinical benefits can be assessed, including which stimulation 
parameters may be the most appropriate for different patient cohorts. 
 
6. Discussion 
While electrophysiological approaches have provided important insights into the underlying 
mechanism of VH and novel treatment options, they are still relatively underused when 
compared to techniques such as neuroimaging. Nevertheless, current electrophysiological 
evidence supports several VH models. Evidence of bottom-up dysfunction, visuo-cortical 
hyperexcitability and disinhibition has been observed utilising EEG, MEG, TMS and ERG 
(i.e. Abraham and Duffy 1996; Devos et al. 2005; Matsui et al. 2005; Taylor et al. 2011; 
Carhart-Harris et al. 2016; Hanoglu et al. 2016), while alterations in VEP latencies and 
amplitudes have reflected deficits in top-down visual attentional and perceptual processing 
(i.e. Kurita et al. 2005; Kometer et al. 2013; Chang et al. 2016). Wider cortical network 
dysfunction in the form of EEG coherence alterations and TMS-measured cholinergic 
dysfunction is also evident in several pathologies (i.e. Abraham and Duffy 2001; ffytche 
2008; Manganelli et al. 2009), while the stimulation of diverse cortical regions using ECS has 
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demonstrated a role of complex networks in the formation of VH phenomenology (i.e. 
Diederich et al. 2000; Schulz et al. 2007; Manfioli et al. 2013) (Figure 2). However, there is 
currently insufficient evidence to arbitrate between different models or to clarify the relative 
contribution of bottom-up and top-down dysfunction in different conditions. From an 
electrophysiological perspective, it remains unclear whether the same mechanism underlies 
VH in all conditions or whether different mechanisms, or differences in their relative 
contribution, underlie VH in different conditions. Such distinctions are important from a 
clinical perspective as they determine whether a single approach to treatment is required for 
VH or different treatments for each pathology.  
The superior temporal resolution of electrophysiological approaches, for example when 
comparing EEG to neuroimaging techniques such as fMRI, make them particularly suited for 
studies of the dynamic changes at the time of VH. However, there are substantial 
methodological challenges in capturing VH phenomena, such as unpredictability in when 
they occur, and subsequently many of the studies identified rely on single observational case 
reports or small, potentially atypical, patient groups. Electrophysiological techniques also 
make important contributions to our understanding of visual and cognitive function in VH-
prone patients. However, relatively few studies to date have been able to successfully 
disentangle non-specific changes related to the underlying condition and changes specific to 
VH susceptibility. 
 [Figure 2] 
Heterogeneity within the literature presents a further limitation. The broad spectrum of 
clinical and non-clinical populations reported include participants with varying degrees of 
VH severity, intensity and phenomenology. Consequently, it is difficult to meaningfully 
compare the contribution of common mechanisms involved in VH both across and within 
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cohorts due to underlying differences in physical pathology and the manifestation of VH 
symptoms. Furthermore, the diverse range of electrophysiological approaches reported, and 
the broad number of methodologies, prevents direct comparison between many studies, 
making delineating the impact of different electrophysiological alterations on overall VH 
formation and susceptibility difficult.       
It is imperative that future research studies employ rigorous experimental designs to identify 
VH specific changes, including collection of experimentally controlled data from larger 
samples, better characterisation of hallucinating and non-hallucinating groups, and a trans-
diagnostic perspective. However, such studies may not in themselves be able to provide a 
complete account of the mechanism of VH. Combined approaches may be required such as 
those linking EEG power, coherence and cortical excitability measured with changes in 
cerebral blood flow (e.g. ffytche 2008; Meppelink et al. 2010; Carhart-Harris et al. 2016; 
Rafique et al. 2016; Taylor et al. 2016) in order to gain a more complete perspective of both 
the spatial and temporal mechanisms involved in VH. Combining techniques such as TMS 
and EEG will undoubtedly allow for enhanced interrogation of temporal aspects of VH (i.e. 
Murphy et al. 2017), including characteristics of visual system and cortical network 
dysfunction and their contribution to the emergence of VH. Furthermore, when investigating 
potential treatments such as rTMS and tDCS, which are only capable of indirectly affecting 
deep subcortical areas that are networked to the structures receiving stimulation, combined 
electrophysiology and neuroimaging techniques may be required to fully understand changes 
across networks in relation to VH.  
7. Conclusion 
Findings from electrophysiology have highlighted several examples of widespread visual 
system dysfunction evident across multiple VH-prone pathologies, reflecting a dynamic set of 
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impairments that may contribute to VH. While common electrophysiological features can be 
observed across multiple VH pathologies, heterogeneity in the literature and the lack of 
exhaustive or experimentally controlled research in this area means that it is currently 
difficult to confidently assess how these features contribute to VH formation or susceptibility.  
Nevertheless, electrophysiological methods may provide a means of mapping the dynamic 
changes that occur across the visual system leading to VH, offering a new perspective on 
aspects of neural functioning not captured by techniques such as neuroimaging and allowing 
for the interrogation of existing VH models and the development of novel interventions for 
VH.   
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Figure 1. Review search strategy, including search terms, number of articles included, and number of 
articles containing specific electrophysiological techniques or VH pathologies. 
 
Search terms: 
“Visual Hallucinations” 
AND 
“electrophysiology”, “electroencephalography”, “EEG”, “transcranial magnetic stimulation”, 
“repetitive transcranial magnetic stimulation”, “TMS”, “rTMS”, “electroretinogram”, “ERG”, 
“transcranial direct current stimulation”, “tDCS”, “transcranial alternating current stimulation”, 
“tACS”, “visual evoked potential”, “VEP”, “electrical stimulation”, “magnetoencephalography”, and 
“MEG” 
PubMED 
(Until 03 April 2018) 
PsycINFO 
(From 1967 Until March 
Week 3 2018) 
333 articles for potential 
inclusion 
192 articles for potential 
inclusion 
23 articles for inclusion 54 articles for inclusion 
Articles screened: 
(Removal of review articles, non-English articles, and non-human studies) 
 
77 articles for inclusion 
Removal of duplicate articles 
55 articles for inclusion 
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Figure 2. Summary of widespread visual system dysfunction observed across VH-prone 
pathologies including related regions and visual processing streams.   
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